Abstract: For Fe-based 18Cr10Mn0.4N0.5C(0-2.17)Mo (in wt %) austenitic stainless steels, effects of Mo on pitting corrosion resistance and the improvement mechanism were investigated. Alloying Mo increased pitting and repassivation potentials and enhanced the passive film resistance by decreasing number of point defects in the film. In addition, Mo reduced critical dissolution rate of the alloys in acidified chloride solutions, and the alloy with higher Mo content could remain in the passive state in stronger acid. Thus, it was concluded that the alloying Mo enhanced pitting corrosion resistance of the alloys through increasing protectiveness of passive film and lowering pit growth rate.
Introduction
FeCrMnNC austenitic stainless steels known as high interstitial alloys (HIAs) are attractive and economical materials to replace conventional FeCrNi austenitic stainless steels [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The main purpose of using C, N, and Mn for HIA is to stabilize the austenite phase instead of Ni being an expensive austenite stabilizer [1, 2, 4, 11] . In addition, alloying C and N in stainless steels imparts improved mechanical properties including strength and wear resistance. Regarding corrosion properties, the fact that the alloying N improves the resistance to localized corrosion of stainless steels is well known [12, 13] , and C in solid solution state is also reported to be advantageous to enhance the pitting corrosion resistance [1, 5, 6, 10, 14, 15] . Thus, new FeCrMnNC alloys have been explored, with comparable and/or superior performances including strength, elongation, and corrosion resistance to the conventional FeCrNi austenite stainless steels; hence, various types of HIAs have been designed and investigated [1] [2] [3] 5, 8, 9] . The author group has made an effort to develop new HIAs with high C and N contents (C > 0.3 wt % and N > 0.3 wt %), and we have found that the Fe-based 18Cr10Mn0.4N(0.3-0.5)C (in wt %) alloys exhibit desirable performances [5] [6] [7] 14] . The alloys have subsequently been modified with various alloying elements such as Mo, Ni, Cu, Nb, and W in order to further improve their mechanical and corrosion properties. Consequently, it has been revealed that the Fe-based 18Cr10Mn0.4N0.5C (in wt %) HIAs with small amount of Mo, Ni, and W (less than 2 wt %) have mechanical properties and resistance to localized corrosion superior to the UNS S30400 and UNS S31603 stainless steels [16, 17] .
One of the recommended methods to improve the resistance to localized corrosion of stainless steels, including HIAs, is alloying Mo [18] [19] [20] [21] [22] . Although Mo is an expensive ferrite former and is able to form a brittle σ phase, which leads to degradation of the physico-chemical properties of stainless steels [23] [24] [25] , a small amount of Mo (2-4 wt %, sometimes up to 6 wt %) is frequently used in conventional austenitic stainless steels because of its definite advantages to the localized corrosion resistance. Lots of investigations on the mechanism of improved resistance to localized corrosion by Mo addition have been performed [20] [21] [22] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . The desirable localized corrosion resistance of Mo-bearing stainless steels is attributed to various factors. Mo is known to promote the protectiveness of the passive film by formation of the Mo- [26, 27, 36] and/or Cr-enriched [30, 37] film and by thickening of the passive film [26] . Mo is also reported to be beneficial to enhance repassivation characteristics [22] . In addition, it is suggested that molybdate ion (MoO 4 2− ) is formed during dissolution of Mo-bearing metal, which effectively blocks the adsorption of chloride ion (Cl − ) [26, 29, 33] . The positive influences of Mo on pitting corrosion behavior have been observed in various types of stainless steels, including FeCr-based ferritic stainless steels [22, 27, 29, 30, 33, 36] , FeCrNi-based austenitic stainless steels [22, 26, 30, 35, 36] , FeCrMnN-based high-nitrogen stainless steels [35] , and FeCrNiMo-based duplex stainless steels [36, 38, 39] . However, Sugimoto [26] reported that the alloying Mo was ineffective to improve the pitting corrosion resistance of FeMo and NiMo binary alloys, and Kaneko [22] reported that the positive effect of Mo was pronounced in FeCrNi austenitic stainless steel in comparison with FeCr ferritic stainless steel. In addition, it is worth mentioning that the beneficial effect of Mo is manifested in the presence of Cr in Fe-based alloys, and Mo exhibits synergistic effects on the corrosion resistance when alloyed with N in stainless steels [35, 39] . These observations suggest that the influence of Mo changes depending on the matrix composition, and thus it is worth investigating the Mo effect on the localized corrosion behavior and passivity of newly developed HIAs. Therefore, the objectives of this paper are to investigate the effects of Mo on the resistance to pitting corrosion of Fe-based 18Cr10Mn0.4N0.5C(0-2.17)Mo (in wt %) austenite stainless steels, and to find the reasons for the change in the pitting corrosion resistance.
Experimental Section

Materials and Mechanical Tests
The investigated alloys were Fe-based 18Cr10Mn0.4N0.5C(0-2.17)Mo (in wt %) HIAs, which have been patented recently [16, 17] . The detailed chemical compositions of the three alloys are given in Table 1 , and were measured using an optical emission spectroscopy (QSN 750-II, PANalytical, Almemo, The Netherlands) and an inductively coupled plasma atomic emission spectroscopy (Optima 8300DV, PerkinElmer, Waltham, MA, USA). The alloy ingots (10 kg) were produced by vacuum induction melting under N 2 atmosphere. The ingots were homogenized at 1250 • C for 1 h under Ar atmosphere. After the homogenization, the ingots were hot-rolled from 40 mm (initial thickness) to 4 mm (final thickness), followed by water quenching. The hot-rolled plates were then solutionized at 1200 • C for 30 min and quenched in water. The temperatures for the thermomechanical processes were determined from equilibrium phase diagrams (Thermo-Calc software version 4.1, TCFE 7.0 database, Solna, Sweden) shown in Figure 1 . Then the microstructures of the alloys were examined. Specimens (15 mm × 10 mm × 4 mm) were cropped from the solutionized plates, mechanically polished using a diamond suspension with a particle size of 1 μm, and chemically etched in acid solution (20 mL HNO3 + 30 mL HCl + 50 mL distilled water) for 1-3 min. A scanning electron microscope (SEM, JSM-5800, JEOL, Tokyo, Japan) was employed to observe the microstructure. The strength and elongation values were measured by tensile tests at 25 °C with a nominal strain rate of 1.67 × 10 −3 /s using a servohydraulic machine (INSTRON 5882, Norwood, MA, USA) on tensile specimens (ASTM E8M).
Electrochemical Tests
The resistance to pitting corrosion of the 0Mo-2Mo alloys was compared with that of S30400 (Febased 18.5Cr8.2Ni1.0Mn0.6Si0.04C, in wt %) and S31603 (Fe-based 17.4Cr12.0Ni2.4Mo1.0Mn0.5Si0.02C, in wt %) alloys by linear potentiodynamic polarization tests in a 1 M NaCl solution at 25 °C with a potential sweep rate of 1 mV/s. Then in order to assess the pitting corrosion resistance of 0Mo, 1Mo, and 2Mo alloys more clearly, linear and cyclic potentiodynamic polarization tests were performed in various aqueous solutions containing 4 M NaCl (4 M NaCl, buffered 4 M NaCl, and acidified 4 M NaCl solutions) at 25 °C. The buffer solution was boratephosphate-citric buffer at pH 8.5 with a composition of 0.2 M boric acid + 0.05 M citric acid + 0.1 M tertiary sodium phosphate. The acidified NaCl solutions were 4 M NaCl with (0.00043-0.1) M HCl solutions, in which both localized and general corrosion behavior could be simultaneously evaluated. The linear polarization was conducted from −0.1 V versus corrosion potential (Ecorr) to pitting potential (Epit) at a potential sweep rate (dV/dt) of 1 mV/s. For the cyclic polarization tests, the potential was elevated from −0.1 V versus Ecorr to the potential value at which the current density exceeded 0.1 mA/cm 2 , and then lowered to the repassivation potential (Erp) with a dV/dt of 1 mV/s.
The passive behavior and electronic properties of the passive film were investigated in the borate-phosphate-citric buffer solution (pH 8.5) without NaCl. Passive potential range and passive current density (ipassive) were examined through potentiodynamic polarization tests in the buffer solution at 25 °C with a dV/dt of 1 mV/s, and the resistance of the passive film was investigated by measuring the real part of the impedance (Z'real) during the anodic polarization [35, [40] [41] [42] [43] . The Z'real values of the passive films were measured by imposing sine-wave voltage perturbation (±10 mV) at a frequency of 0.1 Hz [40, 41] during increase in the applied potential from −0.8 to 0.9 VSCE. Then the point defect density in the space charge layer of the passive film was measured through MottSchottky analysis. For the test, the passive film was formed by applying constant anodic potential of 0.85 VSCE for 3 h in the buffer solution, and then the capacitance of the passivated layer was measured by imposing sine-wave voltage perturbation (±10 mV) at a frequency of 1000 Hz during the negative (cathodic) potential sweep from 0.85 to −0.7 VSCE.
The electrochemical tests were controlled by a potentiostat (Reference 600, GAMRY Instruments, Warminster, PA, USA), and performed in a multineck flask (1 L) with three electrodes; a specimen as a working electrode, a Pt plate (50 mm × 120 mm × 0.1 mm) as a counter electrode, and a saturated calomel reference electrode (SCE) as a reference electrode. For the working electrode, specimens (10 Then the microstructures of the alloys were examined. Specimens (15 mm × 10 mm × 4 mm) were cropped from the solutionized plates, mechanically polished using a diamond suspension with a particle size of 1 µm, and chemically etched in acid solution (20 mL HNO 3 + 30 mL HCl + 50 mL distilled water) for 1-3 min. A scanning electron microscope (SEM, JSM-5800, JEOL, Tokyo, Japan) was employed to observe the microstructure. The strength and elongation values were measured by tensile tests at 25 • C with a nominal strain rate of 1.67 × 10 −3 /s using a servohydraulic machine (INSTRON 5882, Norwood, MA, USA) on tensile specimens (ASTM E8M).
The resistance to pitting corrosion of the 0Mo-2Mo alloys was compared with that of S30400 (Fe-based 18.5Cr8.2Ni1.0Mn0.6Si0.04C, in wt %) and S31603 (Fe-based 17.4Cr12.0Ni2.4Mo1.0Mn0.5Si0.02C, in wt %) alloys by linear potentiodynamic polarization tests in a 1 M NaCl solution at 25 • C with a potential sweep rate of 1 mV/s. Then in order to assess the pitting corrosion resistance of 0Mo, 1Mo, and 2Mo alloys more clearly, linear and cyclic potentiodynamic polarization tests were performed in various aqueous solutions containing 4 M NaCl (4 M NaCl, buffered 4 M NaCl, and acidified 4 M NaCl solutions) at 25 • C. The buffer solution was borate-phosphate-citric buffer at pH 8.5 with a composition of 0.2 M boric acid + 0.05 M citric acid + 0.1 M tertiary sodium phosphate. The acidified NaCl solutions were 4 M NaCl with (0.00043-0.1) M HCl solutions, in which both localized and general corrosion behavior could be simultaneously evaluated. The linear polarization was conducted from −0.1 V versus corrosion potential (E corr ) to pitting potential (E pit ) at a potential sweep rate (dV/dt) of 1 mV/s. For the cyclic polarization tests, the potential was elevated from −0.1 V versus E corr to the potential value at which the current density exceeded 0.1 mA/cm 2 , and then lowered to the repassivation potential (E rp ) with a dV/dt of 1 mV/s.
The passive behavior and electronic properties of the passive film were investigated in the borate-phosphate-citric buffer solution (pH 8.5) without NaCl. Passive potential range and passive current density (i passive ) were examined through potentiodynamic polarization tests in the buffer solution at 25 • C with a dV/dt of 1 mV/s, and the resistance of the passive film was investigated by measuring the real part of the impedance (Z real ) during the anodic polarization [35, [40] [41] [42] [43] . The Z real values of the passive films were measured by imposing sine-wave voltage perturbation (±10 mV) at a frequency of 0.1 Hz [40, 41] during increase in the applied potential from −0.8 to 0.9 V SCE . Then the point defect density in the space charge layer of the passive film was measured through Mott-Schottky analysis. For the test, the passive film was formed by applying constant anodic potential of 0.85 V SCE for 3 h in the buffer solution, and then the capacitance of the passivated layer was measured by imposing sine-wave voltage perturbation (±10 mV) at a frequency of 1000 Hz during the negative (cathodic) potential sweep from 0.85 to −0.7 V SCE .
The electrochemical tests were controlled by a potentiostat (Reference 600, GAMRY Instruments, Warminster, PA, USA), and performed in a multineck flask (1 L) with three electrodes; a specimen as a working electrode, a Pt plate (50 mm × 120 mm × 0.1 mm) as a counter electrode, and a saturated calomel reference electrode (SCE) as a reference electrode. For the working electrode, specimens (10 mm × 10 mm × 4 mm) were mounted in cold epoxy resin and ground using SiC emery paper up to 2000 grit. The exposed area for the electrochemical tests was 0.2 cm 2 , which was controlled using electroplating tape. For each specimen, the polarization tests were conducted 5-6 times, and the resistance and capacitance of the passive layer were measured 4-5 times in order to confirm reproducibility.
Results and Discussion
Microstructure and Tensile Properties
Figure 2a-c exhibits SEM images of the 0Mo, 1Mo, and 2Mo alloys, respectively, after solutionization at 1200 • C for 30 min followed by water quenching. The concentrations of the interstitial alloying elements (C + N) of the alloys were as high as 0.86-0.87 wt %, thus the solution treatment should be conducted at a high temperature range of between 1100 and 1250 • C to suppress the formation of M 23 C 6 and/or M 2 N (M stands for metal, primarily Cr) as indicated in Figure 1 . As shown in Figure 2 , the three alloys have an austenite single phase with annealing twins and M 23 C 6 and/or M 2 N are not formed even at the grain boundaries. In addition, nonmetallic inclusions such as Mn-oxide and Mn-sulfide are rarely observed in the alloys. Using SEM images taken at 5-6 different locations, the average grain sizes of the samples were measured in accordance with ASTM E112; as a result, the average grain sizes of 0Mo, 1Mo, and 2Mo alloys were 150.2, 148.8, and 142.4 µm, respectively, suggesting that the addition of Mo did not have a significant influence on the grain size. mm × 10 mm × 4 mm) were mounted in cold epoxy resin and ground using SiC emery paper up to 2000 grit. The exposed area for the electrochemical tests was 0.2 cm 2 , which was controlled using electroplating tape. For each specimen, the polarization tests were conducted 5-6 times, and the resistance and capacitance of the passive layer were measured 4-5 times in order to confirm reproducibility.
Results and Discussion
Microstructure and Tensile Properties
Figure 2a-c exhibits SEM images of the 0Mo, 1Mo, and 2Mo alloys, respectively, after solutionization at 1200 °C for 30 min followed by water quenching. The concentrations of the interstitial alloying elements (C + N) of the alloys were as high as 0.86-0.87 wt %, thus the solution treatment should be conducted at a high temperature range of between 1100 and 1250°C to suppress the formation of M23C6 and/or M2N (M stands for metal, primarily Cr) as indicated in Figure 1 . As shown in Figure 2 , the three alloys have an austenite single phase with annealing twins and M23C6 and/or M2N are not formed even at the grain boundaries. In addition, nonmetallic inclusions such as Mn-oxide and Mn-sulfide are rarely observed in the alloys. Using SEM images taken at 5-6 different locations, the average grain sizes of the samples were measured in accordance with ASTM E112; as a result, the average grain sizes of 0Mo, 1Mo, and 2Mo alloys were 150.2, 148.8, and 142.4 μm, respectively, suggesting that the addition of Mo did not have a significant influence on the grain size. The tensile properties of the three alloys are summarized in Table 1 . The 0Mo-2Mo alloys exhibit yield strength of 499.2-529.0 MPa, tensile strength of 897.5-979.9 MPa, and elongation of 56.4-62.1%. The 2Mo alloy exhibits the best tensile properties among the three alloys. It is worth mentioning that the investigated alloys have better mechanical properties than the commercial austenitic stainless steels. It is reported that the S31603, for example, has yield strength, tensile strength, and elongation values of 170 MPa, 485 MPa and 40%, respectively [44] .
Pitting Corrosion Resistance
Resistance to pitting corrosion of the investigated alloys was compared with the commercial austenitic stainless steels, S30400 and S31603. Figure 3 shows the polarization curves of the alloys measured in a 1 M NaCl solution at 25°C. The five alloys exhibit passive behavior in the potential range from Ecorr to Epit. The Epit values of S30400 and S31603 alloys were 0.294 and 0.470 VSCE, respectively, and those of 0Mo and 1Mo alloys were 0.390 VSCE and 0.643 VSCE, respectively. The pitting corrosion did not occur in the 2Mo alloy. Figure 3 demonstrates that the resistance to pitting corrosion increased in the order, S30400 < 0Mo < S31603 < 1Mo < 2Mo. It is obvious that the 1Mo and 2Mo exhibit superior corrosion resistance to the S31603, and even 0Mo has better resistance than S30400. Figure 3 confirms the excellent anti-corrosion properties of developed FeCrMnMoNC alloys. The tensile properties of the three alloys are summarized in Table 1 . The 0Mo-2Mo alloys exhibit yield strength of 499.2-529.0 MPa, tensile strength of 897.5-979.9 MPa, and elongation of 56.4-62.1%. The 2Mo alloy exhibits the best tensile properties among the three alloys. It is worth mentioning that the investigated alloys have better mechanical properties than the commercial austenitic stainless steels. It is reported that the S31603, for example, has yield strength, tensile strength, and elongation values of 170 MPa, 485 MPa and 40%, respectively [44] .
Resistance to pitting corrosion of the investigated alloys was compared with the commercial austenitic stainless steels, S30400 and S31603. Figure 3 shows the polarization curves of the alloys measured in a 1 M NaCl solution at 25 • C. The five alloys exhibit passive behavior in the potential range from E corr to E pit . The E pit values of S30400 and S31603 alloys were 0.294 and 0.470 V SCE , respectively, and those of 0Mo and 1Mo alloys were 0.390 V SCE and 0.643 V SCE , respectively. The pitting corrosion did not occur in the 2Mo alloy. Figure 3 demonstrates that the resistance to pitting corrosion increased in the order, S30400 < 0Mo < S31603 < 1Mo < 2Mo. It is obvious that the 1Mo and 2Mo exhibit superior corrosion resistance to the S31603, and even 0Mo has better resistance than S30400. Figure 3 confirms the excellent anti-corrosion properties of developed FeCrMnMoNC alloys. The pitting corrosion resistance of the 0Mo, 1Mo, and 2Mo alloys was evaluated more clearly. Figure 4a shows cyclic potentiodynamic polarization curves of 0Mo, 1Mo, and 2Mo alloys measured in a 4 M NaCl solution at 25 °C. The Ecorr value of 0Mo alloy was −0.399 VSCE and it slightly increased to −0.321 VSCE for 2Mo alloy. The alloys were in a passive state under open circuit conditions in this solution, and the passivity appeared in a limited potential range from the Ecorr to the Epit, at which an abrupt and irreversible increase in the current density began. The average Epit and Erp values obtained from the repetitive polarization tests (5-6 times) in the 4 M NaCl solution were plotted versus the Mo content in Figure 4b . The average Epit increased linearly from 0.213 to 0.940 VSCE with an increase in the Mo content from 0 to 2.17 wt %, indicating the improved pitting corrosion resistance of the HIAs by alloying Mo. The Erp is also shifted to a higher value as the Mo content increases. For 0Mo alloy, the stable pit can repassivate below −0.344 VSCE, which is close to its Ecorr value, while the average Erp of 2Mo alloy is 0.840 VSCE. It is worth mentioning that the difference between the Epit and Erp values, Δ(Epit − Erp) significantly decreases from 0.557 to 0.099 V as the Mo content increases. The pitting corrosion resistance of the 0Mo, 1Mo, and 2Mo alloys was evaluated more clearly. Figure 4a shows cyclic potentiodynamic polarization curves of 0Mo, 1Mo, and 2Mo alloys measured in a 4 M NaCl solution at 25 • C. The E corr value of 0Mo alloy was −0.399 V SCE and it slightly increased to −0.321 V SCE for 2Mo alloy. The alloys were in a passive state under open circuit conditions in this solution, and the passivity appeared in a limited potential range from the E corr to the E pit , at which an abrupt and irreversible increase in the current density began. The average E pit and E rp values obtained from the repetitive polarization tests (5-6 times) in the 4 M NaCl solution were plotted versus the Mo content in Figure 4b . The average E pit increased linearly from 0.213 to 0.940 V SCE with an increase in the Mo content from 0 to 2.17 wt %, indicating the improved pitting corrosion resistance of the HIAs by alloying Mo. The E rp is also shifted to a higher value as the Mo content increases. For 0Mo alloy, the stable pit can repassivate below −0.344 V SCE , which is close to its E corr value, while the average E rp of 2Mo alloy is 0.840 V SCE . It is worth mentioning that the difference between the E pit and E rp values, ∆(E pit − E rp ) significantly decreases from 0.557 to 0.099 V as the Mo content increases. The pitting corrosion resistance of the 0Mo, 1Mo, and 2Mo alloys was evaluated more clearly. The polarization curves in Figure 4a show changes in other features by addition of Mo, such as i passive and number of metastable pitting corrosion events. The lowest i passive value is observed in the 2Mo alloy in the entire potential range, and the i passive decreases from 8.3 to 5.8 µA/cm 2 (at 0 V SCE , for example) as the Mo content increases. Moreover, small current spikes indicating the initiation and repassivation of metastable pits are more frequently observed in the polarization curve of the alloys with lower Mo content. Figure 4c exhibits the cyclic potentiodynamic polarization curves of the alloys measured in a borate-phosphate-citric buffer solution (pH 8.5) with 4 M NaCl at 25 • C. In this solution, the E corr of the alloys was approximately −0.73 V SCE . The alloys also exhibited passivity at E corr , and pitting corrosion occurred under sufficient anodic polarization, except for the 2Mo alloy. The average E pit values of 0Mo and 1Mo alloys were 0.319 and 0.568 V SCE , respectively, and the E rp of 0Mo alloy was −0.287 V SCE and that of 1Mo alloy was 0.173 V SCE . Figure 4d confirms again that the alloying Mo raises both E pit and E rp . Moreover, the ∆(E pit − E rp ) also decreases from 0.606 to 0.395 V SCE as the Mo content increased from 0 to 1.13 wt %.
The E pit values obtained in the buffered NaCl solution (Figure 4d ) were higher than those obtained in the simple NaCl solution (Figure 4b ). Besides, comparing the polarization curves measured in the buffered and simple NaCl solutions, it was found that the occurrence of metastable pitting corrosion during the polarization was restrained in the buffered NaCl solution. The better resistance to pitting corrosion obtained in the buffer solution is considered to be due to two possible reasons. First, anions in the borate-phosphate-citric buffer solution, H 2 BO 3 − , H 2 PO 4 − , and H 2 C 6 H 5 O 7 − , act as inhibitors to adsorption of Cl − on the passivated electrode, and second, the buffer solution containing the anions is helpful to form protective passive film as reported [40, 45] . It is obvious from Figure 4 that the alloying Mo enhances the resistance to pitting corrosion of the Fe-based 18Cr10Mn0.4N0.5C(0-2.17)Mo (in wt %) HIAs. More specifically, alloying Mo improves the resistance to pit initiation, which is supported by the decrease in the number of metastable pitting corrosion events, and accelerates repassivation kinetics, which is proven by the rise in the E rp ; thus, the Mo alloying consequently shifts the E pit to the higher level. Moreover, it is considered that the decrease in the ∆(E pit − E rp ) value along with increase in the Mo alloying demonstrates that the alloying Mo is more effective in accelerating repassivation kinetics than the pit initiation probability, which is related to the passive film protectiveness. Thus, in order to explain the role of Mo alloying in the improvement of resistance to stable pitting corrosion, passive and general corrosion behavior of the three HIAs was investigated. The former is correlated with the pit initiation probability and the latter is related to the pit growth rate [41] .
Passive Behavior
The passive behavior and passive film properties were investigated. For this, a borate-phosphatecitric buffer solution (pH 8.5) without NaCl was used because a thick and protective passive film can be formed on Fe-based alloys in this solution, as reported [40, 45] . The passive behavior of the alloy in the buffer solution was examined through potentiodynamic polarization tests (Figure 5a ). In this mild basic buffer solution, the polarization curves of the three alloys are almost identical in shape, and the passivity was observed in the potential range from E corr (approximately −0.82 V SCE ) to transpassive potential (approximately 0.95 V SCE ), where the oxygen evolution began. In the passive potential range, three current peaks are observed at −0.66, −0.47, and 0.64 V SCE , respectively. It is known that the first current peak at −0.66 V SCE is due to the oxidation of Fe to Fe 2+ , and the second current peak at −0.47 V SCE is attributed to re-oxidation of Fe 2+ to Fe 3+ . The third current peak at 0.64 V SCE reflects the re-oxidation reaction of Cr 3+ to Cr 6+ [40, 41, 46, 47] . The polarization curves, however, do not clearly show a distinct influence of Mo on the passive behavior. Thus, the Z real value of the passive film was measured during the polarization [40] [41] [42] [43] . The graph of the measured Z'real value versus the applied potential is presented in Figure 5b . In the three alloys, the Z'real values at Ecorr are approximately 2.5 × 10 4 Ω/cm 2 , and it begin to steeply increase at approximately −0.33 VSCE. The maximum Z'real values of the three alloys are obtained at approximately 0.15 VSCE, and those of 0Mo, 1Mo, and 2Mo alloys are 1.10 × 10 5 , 1.19 × 10 5 , and 1.28 × 10 5 Ω/cm 2 , respectively. Then the Z'real values decreased to 6.2 -7.5 × 10 5 Ω/cm 2 at 0.55 VSCE, which is due to the re-oxidation reaction of Cr 3+ to Cr 6+ as mentioned above. Good correlation between Figure  5a ,b confirms that the Z'real -potential curve is useful to understand the polarization behavior more clearly. Figure 5b obviously shows the influence of Mo on the passive behavior; that is, the alloying Mo in the HIAs improved the resistance to passive film in the entire passive potential range.
Investigation on the point defect density of the passive film can explain the change in the film resistance. The passive film generally contains a large number of point defects; thus, the passive film behaves as an extrinsic semiconductor [48, 49] . The semiconductive parameters of the passive film such as point defect density and flat band potential can be obtained using the measurement of specific interfacial capacitance (Ctotal) as a function of the applied potential (Eapp), that is, Mott-Schottky analysis [50] [51] [52] . The Ctotal can be obtained using the relation of Ctotal = 1/ϖZ''imag, where ϖ is the angular frequency and Z''imag is the imaginary part of the specific impedance, and the Ctotal is a series combination of the double layer capacitance (Helmholtz layer capacitance, CH) and space charge layer capacitance (CSC). For n-type semiconductors, the relation between the CSC, CH, and Ctotal values and applied potential (Eapp) is given as follows;
where ε0 is the vacuum permittivity (8.85 × 10 14 F/cm), ε is the dielectric constant of the passive film (taken as 15.6 [5, 41, 51] ), κB is the Boltzmann constant (1.38 × 10 −23 J/K), ND is a density of point defect (donor in this case), and e is the electron charge (1.60 × 10 −19 C). In the Mott-Schottky relation, CH can be neglected, because it is sufficiently higher than the CSC. In accordance with Equation 1, the reciprocal of the CSC −2 and the Eapp exhibits a linear relationship, thus the ND in the space charge layer can be estimated from the slope of the graph of CSC −2 versus Eapp. Figure 6a shows Mott-Schottky plots for the passive films of the investigated HIAs, which were formed by applying a constant anodic potential of 0.85 VSCE for 3 h in the buffer solution. The MottSchottky plots of the HIAs exhibit two potential sections showing linear increase, region I (from −0.4 to 0 VSCE) and region II (from 0.3 to 0.7 VSCE). The dominant and detective point defects of the n-type passive film are oxygen vacancy (VO 2+ , shallow donor) and Cr 6+ (deep donor), and the shallow and Investigation on the point defect density of the passive film can explain the change in the film resistance. The passive film generally contains a large number of point defects; thus, the passive film behaves as an extrinsic semiconductor [48, 49] . The semiconductive parameters of the passive film such as point defect density and flat band potential can be obtained using the measurement of specific interfacial capacitance (C total ) as a function of the applied potential (E app ), that is, Mott-Schottky analysis [50] [51] [52] . The C total can be obtained using the relation of C total = 1/ Z" imag , where is the angular frequency and Z" imag is the imaginary part of the specific impedance, and the C total is a series combination of the double layer capacitance (Helmholtz layer capacitance, C H ) and space charge layer capacitance (C SC ). For n-type semiconductors, the relation between the C SC , C H , and C total values and applied potential (E app ) is given as follows;
where ε 0 is the vacuum permittivity (8.85 × 10 14 F/cm), ε is the dielectric constant of the passive film (taken as 15.6 [5, 41, 51] ), κ B is the Boltzmann constant (1.38 × 10 −23 J/K), N D is a density of point defect (donor in this case), and e is the electron charge (1.60 × 10 −19 C). In the Mott-Schottky relation, C H can be neglected, because it is sufficiently higher than the C SC . In accordance with Equation (1), the reciprocal of the C SC −2 and the E app exhibits a linear relationship, thus the N D in the space charge layer can be estimated from the slope of the graph of C SC −2 versus E app . deep donor densities can be calculated using the positive slopes (ΔC −2 /ΔV) of the region I and II in the Mott-Schottky plot, respectively. The average density values of the shallow and deep donors in the passive films formed on the 0Mo-2Mo alloys are presented in Figure 6b and 6c, respectively, as a function of the Mo content. Shallow donor density for 0Mo alloy was 6.23 × 10 20 /cm 3 , and that for the 2Mo alloy was 4.12 × 10 20 /cm 3 . In addition, the deep donor densities for the 0Mo and 2Mo alloys were 8.45 × 10 20 and 5.93 × 10 20 /cm 3 , respectively. Figure 6b ,c shows that the numbers of both shallow and deep donors linearly decrease as the Mo content increases. Point defects in the passive film function as charge carriers; thus, Figure 6 well explains the increased resistance of the passive film by addition of Mo. It can be concluded that the improved resistance against pitting corrosion initiation of the investigated HIAs by alloying Mo (Figure 4a,c) is partly attributed to the formation of more resistant passive film with less point defects. Figure 7a shows the linear potentiodynamic polarization curves of the HIAs measured in 4 M NaCl + 0.01 M HCl (pH 1.21) solution at 25 °C. In this strongly acidic chloride solution, typical activepassive transition and pitting corrosion occurred during the polarization. Similar to Figure 4a , the Epit values obtained in this acidified NaCl solution also increased by addition of Mo (Figure 7b ). More importantly, the polarization curves in Figure 7a demonstrate the change in the general corrosion behavior of the HIAs by addition of Mo. The average Ecorr values of the 0Mo, 1Mo, and 2Mo alloys are −0.667, −0.633, and −0.597 VSCE, respectively (Figure 7c ), which increases with the Mo content. In this solution, metal dissolution actively occurred between the Ecorr and primary passive potential (Epp). The Epp of the alloys are gradually lowered from −0.499 VSCE for 0Mo alloy to −0.530 VSCE for 2Mo alloy. In addition, the critical anodic current density (icrit) values of 0Mo, 1Mo, and 2Mo alloys are 13.09, 2.71, and 0.66 mA/cm 2 , respectively, as shown in Figure 7d . To sum up, the alloying Mo raised the Ecorr, reduced the icrit, and lowered the Epp of the HIAs, thus it can be concluded that the alloying Mo made the HIA matrix noble and improved the general corrosion resistance. The average density values of the shallow and deep donors in the passive films formed on the 0Mo-2Mo alloys are presented in Figure 6b ,c, respectively, as a function of the Mo content. Shallow donor density for 0Mo alloy was 6.23 × 10 20 /cm 3 , and that for the 2Mo alloy was 4.12 × 10 20 /cm 3 . In addition, the deep donor densities for the 0Mo and 2Mo alloys were 8.45 × 10 20 and 5.93 × 10 20 /cm 3 , respectively. Figure 6b ,c shows that the numbers of both shallow and deep donors linearly decrease as the Mo content increases. Point defects in the passive film function as charge carriers; thus, Figure 6 well explains the increased resistance of the passive film by addition of Mo. It can be concluded that the improved resistance against pitting corrosion initiation of the investigated HIAs by alloying Mo (Figure 4a,c) is partly attributed to the formation of more resistant passive film with less point defects. Figure 7a shows the linear potentiodynamic polarization curves of the HIAs measured in 4 M NaCl + 0.01 M HCl (pH 1.21) solution at 25 • C. In this strongly acidic chloride solution, typical active-passive transition and pitting corrosion occurred during the polarization. Similar to Figure 4a , the E pit values obtained in this acidified NaCl solution also increased by addition of Mo (Figure 7b ). More importantly, the polarization curves in Figure 7a demonstrate the change in the general corrosion behavior of the HIAs by addition of Mo. The average E corr values of the 0Mo, 1Mo, and 2Mo alloys are −0.667, −0.633, and −0.597 V SCE , respectively (Figure 7c ), which increases with the Mo content. In this solution, metal dissolution actively occurred between the E corr and primary passive potential (E pp ). The E pp of the alloys are gradually lowered from −0.499 V SCE for 0Mo alloy to −0.530 V SCE for 2Mo alloy. In addition, the critical anodic current density (i crit ) values of 0Mo, 1Mo, and 2Mo alloys are 13.09, 2.71, and 0.66 mA/cm 2 , respectively, as shown in Figure 7d . To sum up, the alloying Mo raised the E corr , reduced the i crit , and lowered the E pp of the HIAs, thus it can be concluded that the alloying Mo made the HIA matrix noble and improved the general corrosion resistance. The general corrosion resistance of the matrix can affect the pit propagation [19, 21, 41] . Inside the pit cavity formed in stainless steel, the confined chloride solution becomes acidified due to a hydrolysis of the metal ions [19] , and the bare metal surface without a passive film is directly exposed to the acidified chloride solution. In this situation, general corrosion occurs on the bare matrix surface in the pit cavity. Therefore, the general corrosion behavior in the acidified NaCl solution shown in Figure 7 can reflect the matrix dissolution behavior inside the pit cavity. Since the Mo alloying induced the decrease in the icrit and Epp, it is conceivable that the pit propagation rate is lowered and the pit extinction (that is, repassivation) is accelerated in the HIAs as the Mo content increases. Figure 8a -c shows the potentiodynamic polarization curves of the 0Mo, 1Mo, and 2Mo alloys, respectively, measured in the acidified 4 M NaCl solutions with various solution pHs. The pH values of the solutions were adjusted by addition of HCl ranging between 0.44 (4 M NaCl + 0.1 M HCl) and 2.88 (4 M NaCl + 0.00043 M HCl). For all the alloys, the icrit values increase as the solution is acidified. In the solution with pH 2.88, the polarization curves of the three alloys do not show distinct activepassive transition, and the maximum anodic current density values (at approximately −0.45 VSCE) of the 0Mo, 1Mo, and 2Mo alloys are 52.65, 33.91, and 24.45 μA/cm 2 , respectively, showing slight decrease along with the alloyed Mo content. On the other hand, in the solution with pH 0.44, the icrit values of the alloys are as high as several tens of mA/cm 2 , and the polarization curves exhibit typical active-passive transition. In the strongest acid, the average icrit values of the 0Mo, 1Mo, and 2Mo alloys are 71.21, 32.61, and 11.50 mA/cm 2 , respectively, which also decrease as the Mo content increases.
General Corrosion Behavior
For the three HIAs, the icrit values measured in each solution are plotted in Figure 8d as a function of the solution pH. The icrit steadily decreases as the pH increases, and the 0Mo alloy exhibits the highest icrit values in the entire pH range. In Figure 8d , the pH value at which the icrit value abruptly changed requires further attention. The general corrosion resistance of the matrix can affect the pit propagation [19, 21, 41] . Inside the pit cavity formed in stainless steel, the confined chloride solution becomes acidified due to a hydrolysis of the metal ions [19] , and the bare metal surface without a passive film is directly exposed to the acidified chloride solution. In this situation, general corrosion occurs on the bare matrix surface in the pit cavity. Therefore, the general corrosion behavior in the acidified NaCl solution shown in Figure 7 can reflect the matrix dissolution behavior inside the pit cavity. Since the Mo alloying induced the decrease in the i crit and E pp , it is conceivable that the pit propagation rate is lowered and the pit extinction (that is, repassivation) is accelerated in the HIAs as the Mo content increases. Figure 8a -c shows the potentiodynamic polarization curves of the 0Mo, 1Mo, and 2Mo alloys, respectively, measured in the acidified 4 M NaCl solutions with various solution pHs. The pH values of the solutions were adjusted by addition of HCl ranging between 0.44 (4 M NaCl + 0.1 M HCl) and 2.88 (4 M NaCl + 0.00043 M HCl). For all the alloys, the i crit values increase as the solution is acidified. In the solution with pH 2.88, the polarization curves of the three alloys do not show distinct active-passive transition, and the maximum anodic current density values (at approximately −0.45 V SCE ) of the 0Mo, 1Mo, and 2Mo alloys are 52.65, 33.91, and 24.45 µA/cm 2 , respectively, showing slight decrease along with the alloyed Mo content. On the other hand, in the solution with pH 0.44, the i crit values of the alloys are as high as several tens of mA/cm 2 , and the polarization curves exhibit typical active-passive transition. In the strongest acid, the average i crit values of the 0Mo, 1Mo, and 2Mo alloys are 71.21, 32.61, and 11.50 mA/cm 2 , respectively, which also decrease as the Mo content increases. Figure 4b ,d are due to the lowered pit propagation rate and accelerated repassivation kinetics by addition of Mo. In addition, because the alloying Mo imparts a higher resistance to active dissolution in a stronger acid solution, the pit embryos become more difficult to grow in the alloy with higher Mo content, which consequently leads to increase in the Epit. Based on the findings of this investigation, it can be concluded that the alloying Mo is effective to improve the corrosion properties of Fe-based 18Cr10Mn0.4N0.5C(0-2.17)Mo (in wt %) alloys. The literature presents examples of pitting corrosion of UNS S30400 and/or S31603 alloys in various chloride solutions [1, 5, 6, [53] [54] [55] [56] . Thus, in aqueous environments containing Cl − , it can be considered to replace UNS S30400 and/or S31603 alloys by usage of the Ni-free Fe-based 18Cr10Mn0.4N0.5C(0-2.17)Mo (in wt %) alloys especially 2Mo grade, which presents superior pitting corrosion resistance. For the three HIAs, the i crit values measured in each solution are plotted in Figure 8d as a function of the solution pH. The i crit steadily decreases as the pH increases, and the 0Mo alloy exhibits the highest i crit values in the entire pH range. In Figure 8d , the pH value at which the i crit value abruptly changed requires further attention. Figure 8e magnifies the part of Figure 8d ranging from pH 1 to 3. For 0Mo alloy, the i crit value slightly increases in the range of 50-250 µA/cm 2 as the solution pH decreases from 2.88 to 2.01, but in the acidic solution with pH lower than 2, the i crit abruptly increases to 1.17 mA/cm 2 . For 1Mo alloy, the i crit value also negligibly increases with decrease in the solution pH in the pH range of 1.86-2.88, but it begins to rapidly increases at the pH lower than 1.47. In the 2Mo alloy, the rapid increase in the i crit is observed in the solution with pH lower than 1.25. The pH values at which the abrupt increase in the i crit begins are marked with arrows in Figure 8e . This result demonstrates that the HIA with lower Mo is more likely to undergo active dissolution even in less acidified chloride solution inside the pit, thus even the small pits tend to grow more easily to stable pits. The results obtained Figures 7 and 8 simultaneously indicate that the elevated E rp and the decreased ∆(E pit -E rp ) value by addition of Mo shown in Figure 4b ,d are due to the lowered pit propagation rate and accelerated repassivation kinetics by addition of Mo. In addition, because the alloying Mo imparts a higher resistance to active dissolution in a stronger acid solution, the pit embryos become more difficult to grow in the alloy with higher Mo content, which consequently leads to increase in the E pit .
pits. The results obtained
Based on the findings of this investigation, it can be concluded that the alloying Mo is effective to improve the corrosion properties of Fe-based 18Cr10Mn0.4N0.5C(0-2.17)Mo (in wt %) alloys. The literature presents examples of pitting corrosion of UNS S30400 and/or S31603 alloys in various chloride solutions [1, 5, 6, [53] [54] [55] [56] . Thus, in aqueous environments containing Cl − , it can be considered to replace UNS S30400 and/or S31603 alloys by usage of the Ni-free Fe-based 18Cr10Mn0.4N0.5C(0-2.17)Mo (in wt %) alloys especially 2Mo grade, which presents superior pitting corrosion resistance.
Conclusions
For Fe-based 18Cr10Mn0.4N0.5C(0-2.17)Mo (in wt %) HIAs, the effects of Mo on pitting corrosion resistance and the improvement mechanism were investigated. The investigated alloys have been patented due to their corrosion resistance and mechanical properties, which are superior to commercial austenitic stainless steels such as UNS S30400 and S31603. The following points summarize the findings of this research.
(1) Potentiodynamic polarization tests in chloride solutions revealed that the alloying Mo suppressed metastable pitting corrosion and raised both E pit and E rp of the alloys. In addition, it was found that the difference between the E pit and E rp decreased as the Mo content increased.
(2) Passive film analysis through a resistance measurement and Mott-Schottky analysis indicated that the alloyed Mo increased the film resistance by decreasing the number of point defects in the passive film. (3) The alloyed Mo reduced the critical dissolution rate of the alloys in acidified chloride solutions, and the alloy with higher Mo content was able to resist active dissolution in stronger acid. (4) It is concluded that the alloying Mo enhanced pitting corrosion resistance of the alloy through increasing protectiveness of passive film and lowering pit propagation rate.
